Peroxidase from soybean seed coats catalyzes the oxidation and polymerization of aromatic compounds in the presence of H 2 O 2 . The present study investigated the optimization of the phenol removal from wastewaters by direct using of soybean seed coats that can be extended to large scale, The results showed that PEG concentration had no significant effect on phenol conversion.
INTRODUCTION
Phenolic compounds that are found in the effluent streams of many industrial processes have been classified as hazardous pollutants (Dabrowski et al. ; Schmidt ) . Therefore, development of proper technology for the removal of phenolic compounds from wastewater is important.
In recent years, peroxidase-catalyzed processes for phenol polymerization and precipitation have been explored as new methods for the treatment of aqueous phenols (AlAnsari et al. ). The enzymatic treatment, in comparison to the conventional methods, such as adsorption on activated carbon, extraction, and also chemical or biological oxidation, has several advantages, including broad substrate specificity and effectiveness over a wide range of pH, temperature and phenol concentration (Klibanov et al. ) . During the peroxidase-catalyzed process, phenoxy radicals produced by the oxidation reactions, have high chemical reactivity and form water-insoluble polymers, which can be removed by sedimentation or filtration (Al-Ansari et al.
).
The enzymatic approach for wastewater treatment has been attracting interest (Ikehata et al. ; Modaressi et al. ; Steevensz et al. ) ; however, it requires a large amount of pure enzyme, and then high cost. This problem has limited its application in industry. In order to overcome this limitation, it is necessary to use an inexpensive source of enzyme.
Soybean seed coat (an inexpensive byproduct of soybean oil extraction) represents approximately 8-10% of the weight of soybean grain. Soybean peroxidase (SBP) can be extracted from soybean seed coats. This enzyme has potential applications for phenol removal and displays very stable activity in comparison with the other similar enzymes and greater oxidizing power than many other industrial chemicals (Kamal & Behere ) .
The sequence of the reactions in one-electron oxidation of phenol using SBP is depicted according to the ChanceGeorge mechanism. The native SBP is oxidized by H 2 O 2 to form an active intermediate form (SBP-I). SBP-I accepts phenol (PhOH) into its active site and carries out the oxidation. A free radical (PhO • ) is produced and released into the solution, leaving the enzyme in SBP-II state. SBP-II oxidizes a second molecule of phenol, releasing another free radical and returning to the native form of the enzyme (Nicell & Wright ) .
The interactions between the phenoxy radicals and the enzyme's active site, inactivate the peroxidase during the enzymatic reaction. However, it was elucidated that the apparent enzyme inactivation is caused mainly by the end-product polymer, which adsorbs the enzyme molecules and hinders the access of substrate to the enzyme's active site (Klibanov et al. ) . In previous studies, polyethylene glycol (PEG) has been shown to effectively protect pure SBP during the enzyme-catalyzed polymerization and precipitation of phenol (Wu et al. ) .
There is no information available in the literature regarding the optimization of phenol removal from wastewater using soybean seed coats directly for extending this process to large scale. Statistical experimental designs such as response surface methodology (RSM) can collectively optimize all of the relevant parameters, eliminating the limitations of a single-factor optimization process. RSM aids in evaluating the important factors, in building models to study the interaction between the variables, and in selecting the optimum values of variables or desirable responses (Zhou et al. ) . Recently, statistical optimization designs for microbial phenol degradation have been reported (Annadurai et al. ; Ghanem et al. ). The main objective of the present study is to evaluate directly using the soybean seed coats as an SBP source for phenol removal from synthetic wastewater. The effects of the addition of PEG and H 2 O 2 and the amount of SBP on phenol conversion were investigated, and a model was proposed.
METHODS

Materials
Soybean seed coats were obtained from the Maxsoy Factory, Tehran, Iran. H 2 O 2 (30%) obtained from Fluka Chemical Corporation. PEG (35 kDa), phenol (99%), 4-aminoantipyrine (4-AAP, 98%), potassium ferricyanide and sodium azide were purchased from Sigma Chemical Co. Aqueous stock solutions of peroxidase were prepared using 0.1 mol/L phosphate buffer solution (PBS), pH 7.4, prepared according to Gomori () with ACS-grade chemicals. Aqueous solutions of phenol and 4-AAP were prepared using deionized water and were stored at 4 W C. Coomassie brilliant blue G-250 and bovine serum albumin (BSA) from Sigma were prepared for using in Bradford assay. Calorimetric assays were monitored using a WPA Biowave II spectrophotometer. Millex-GV membrane filters (0.22 μm) (Millipore Corporation) were used for sample filtration. All of the assays were performed at room temperature.
Extraction of crude SBP from raw soybean seed coats
Exactly, 25 g of soybean seed coats was soaked in 200 mL of PBS, pH 6. The mixture was kept at 4 W C for 24 h. Then, it was centrifuged at 6,000 rpm for 15 min. The supernatant was collected and stored at 4 W C (Ghaemmaghami et al. ). This extract was used for the enzyme activity and protein assays.
Peroxidase activity determination
The enzyme activity was assessed using phenol, 4-AAP and H 2 O 2 as color-generating substrates. A colorimetric assay was used to measure the peroxidase activity. Because the rate of color generation also depends on the reaction temperature, pH, and substrate concentration, a standard solution containing 100 μL of 50 mmol/L phenol, 250 μL of 9.6 mmol/L 4-AAP, 100 μL of 2 mmol/L H 2 O 2 at 25 W C and 500 μL of PBS, pH 7.4, was used. The total volume of the assay mixture was 1 mL. Under these conditions, the rate of H 2 O 2 consumption in the assay was calculated from the rate of the colored product formation, which absorbs light at 510 nm with an extinction coefficient of 6000 L/mol.cm. One unit of activity (U) is defined as the number of micromoles of H 2 O 2 utilized in 1 min under the standard conditions described above (Wu et al. ) .
Bradford assay
Bradford assay was used to measure the concentration of protein in the solution using Coomassie brilliant blue and BSA as the standard protein (Noble & Bailey ) .
Phenol assay
The concentration of phenolic compound were measured using a colorimetric assay based on the absorbance at 510 nm. The reagents were added in the following order: 700 μL of 0.25 mmol/L NaHCO 3 buffer, 100 μL of aqueous phenol sample, 100 μL of 20.8 mmol/L 4-AAP and 100 μL of 83.4 mmol/L potassium ferricyanide. The maximum concentration of phenol in the assay mixture was maintained below 0.12 mmol/L (Alemzadeh & Nejati ). Phenolic compounds in the sample react with 4-AAP in the presence of potassium ferricyanide.
Phenol removal experiment
The experiments were conducted to remove the phenol from an aqueous phase by soybean seed coats at 25 W C and pH 7 in 100 mL solutions. Each solution contained phenol (1 mmol/L) in addition to PEG, H 2 O 2 and soybean seed coats, according to the experimental design described in the following sections. After 30 min of stirring (300 rpm), sodium azide solution was added to the sample to stop the reaction by deactivating the enzyme. Then, each sample was filtered and the optical density was measured at 510 nm after 8 min.
Experimental design
Central composite design (CCD) as an RSM design is used extensively in building the second order response surface models and requires only a minimum number of experiments (Annadurai et al. ; Ghanem et al. ) . In the present study, using Design-Expert 7.0, a 2 3 factorial design with six central points and six axial points by considering three effective factors were selected. The factors and their levels for CCD are presented in Table 1 . Consequently, 20 experiments were conducted (Table 2) .
RESULTS AND DISCUSSION
Characterization of peroxidase
The peroxidase activity and protein concentration of the crude SBP extract were 2.25 U/mL and 1.15 mg/mL, respectively.
Phenol analysis
The phenol concentration was calculated using Equation (1), which was obtained by measuring the absorption of the standard samples at 510 nm in the colorimetric assay followed by linear regression analysis. The phenol conversion results (%) for 20 designed experiments are presented in Table 2 .
Phenol concentration μmol=L ð Þ¼87:72 Ã optical density 
Statistical analysis
CCD was used to model the process with respect to the factors, and phenol conversion was used as the obtained response. The test variables were coded according to Equation (2). Where, X i is the dimensionless coded value of the ith independent variable, x 0 is the value of x i at the center point and Δx is the step change value. The final equation in terms of the coded factors is presented as Equation (3). Where A, B and C are the coded factors, introduced in Table 1 :
The analysis of variance (ANOVA) results are summarized in Table 3 . The relatively high R 2 values indicate that the modified cubic equation for the phenol conversion is capable of representing the system under the given experimental conditions. The p-values were less than 0.05 for significant factors. Figure 1 presents the predicted vs. actual values and shows that there is a satisfactory correlation between the experimental and predicted values, thereby confirming the validity of the model.
Effect of soybean seed coats amount
The biocatalyst has a finite lifetime and the conversion is dependent on the contact time. Then, phenol removal is dependent on the amount of catalyst. To study the effect of the enzyme concentration on phenol conversion, five amounts of soybean seed coats were used. The phenol concentration was kept constant (1 mmol/L) at pH 7. It was found that for 1 mmol/L phenol solution, increasing the amount of soybean seed coats from 10 to 30 g/L increased the phenol removal, gradually up to a ceiling rate, after which the level of phenol removal remained constant (Figure 2(a) ). The soybean seed coat concentration of 30 g/L was found to be the optimum amount for the removal of phenol. The previous studies indicated that by increasing the initial concentration of the enzyme, the amount of the intermediates that can inactivate the enzyme was increased (Alemzadeh & Nejati ) . SBP is inactivated by both H 2 O 2 and products formed during the reaction. In the absence of reducing substrates (such as phenol) and with excess H 2 O 2 , SBP showed the kinetic behavior of a suicide inactivation. A kinetic model was proposed in which the inactivation was attributed to the production of an inactive form of the enzyme, known as P-670. The higher the initial concentration of SBP, the faster was the phenol conversion. Nevertheless, the higher the concentration of enzyme, the higher the enzyme inactivation (Nicell & Wright ) . Up to a certain amount of enzyme, the reaction progress can overcome this inactivation, but the enzyme inactivation has a noticeable effect beyond this value.
Effect of PEG concentration
Free enzyme may be trapped between the polymerized phenol products and inactivated. Wu et al. () used PEG for protection of the purified enzyme. Attached PEG to the polymeric product could repel peroxidase molecules. At low molecular weights (up to PEG-1000) no protecting effect was observed but the enzyme protection increased by increasing the PEG molecular weight. So, PEG-35,000 was selected to provide the greatest protection of SBP in the lowest concentrations of PEG (Kinsley & Nicell ) . By using soybean seed coats directly, the coats protect the enzymes from trapping between the polymer products and PEG has no effect (Figure 2(b) ).
Effect of H 2 O 2 concentration
Phenol conversion can be improved with an appropriate H 2 O 2 concentration. Some authors have used an optimal molar ratio of H 2 O 2 to phenol for higher conversion efficiency (Caromori & Fernandes ; Lai & Lin ; Cheng et al. ). It has also been reported that the optimum H 2 O 2 concentration depends on the initial phenol concentration (Alemzadeh & Nejati ) . The present results showed that the extent of phenol removal was sharply increased with an increase in H 2 O 2 concentration up to an optimal point (Figure 3) . When the phenol conversion reached its optimum point, the addition of more H 2 O 2 significantly reduced the phenol conversion. An explanation for this phenomenon could be that an excess amount of H 2 O 2 produces higher concentrations of inhibitor intermediates (Nicell & Wright ) . In previous studies, in the presence of pure enzyme, the optimum molar ratio of H 2 O 2 to phenolic substrates was approximately
In the present study, the optimum H 2 O 2 concentration was not the same. It seems that the optimum H 2 O 2 concentration is dependent on the quantity of soybean seed coats (Figure 3 ) because soybean seed coats are actually a mixture of several proteins that consume H 2 O 2 (Bassi et al. ). Thus, the H 2 O 2 concentration necessary for maximum phenol conversion was increased.
Process optimization
The accuracy of the optimum conditions predicted by the software was assessed using 95% confidence interval of the optimum conditions. Table 4 presents the results of the experiment conducted at the optimum conditions and shows that the results of the verification experiments and the predicted values from the fitted correlations are in close agreement at 95% confidence interval.
Optimum contact time
The amount of phenol conversion over time was also studied. Further reactions with different soybean seed coats showed that phenol removal follows the same trends (Figure 4(a) ). The results showed that when the peroxidase concentration was increased, the removal efficiency increased. To summarize, the SBP-catalyzed reaction is slow, but it is less sensitive than other peroxidases to the inactivation, inhibitory effects of the phenoxy radicals and/or the phenolic polymers. Thus, SBP requires more time to reach maximum phenol conversion. These results could be compared with those of Bódalo et al. () .
Effect of phenol concentration
The obtained results are given in Figure 4(b) , where the extent of phenol conversion is plotted against time for four substrate concentrations (1, 2, 5 and 10 mmol/L). It shows that increasing the phenol concentration resulted in a decrease in the conversion at a given enzyme concentration under optimum conditions. Klibanov et al. () also showed that the fraction of the enzyme inactivated by the phenoxy radicals is probably directly proportional to the initial phenol concentration. In fact, the amount of enzyme required to reach a specific level of phenol conversion depends on the initial phenol concentration. A comparison between the obtained results with the other studies is shown in Table 5 . Under optimal conditions (0.89 U/mL) (1 g of soybean seed coat ≈ 0.18 U/mL of activity) and 2 mmol/L phenol, the phenol conversion after 60 min was approximately 76%. Bódalo et al. () showed that in the presence of pure SBP with 0.9 U/mL activity, 2 mmol/L H 2 O 2 and phenol, 40% phenol conversion was obtained after 60 min when PEG was absent and 60% phenol conversion was obtained after 60 min when 0.25 g/L PEG 3.35 kDa was included.
CONCLUSIONS
RSM was used to evaluate the effects of the main factors and their interactions on phenol removal. A cubic model has been developed that was verified by predicting some independent experimental results. Based on the batch experiments conducted by soybean seed coats as the enzyme source and using different PEG and H 2 O 2 concentrations, after 2 h, the enzyme-catalyzed process was capable of achieving 90-92% removal of the total phenol from synthetic wastewater. The addition of PEG had no significant protective effect on the activity of SBP, which was already protected in the soybean seed coats. The optimum molar ratio of H 2 O 2 to phenol was more than 1.0 because soybean seed coats contain a mixture of proteins that consume H 2 O 2 . Under optimal conditions for 1 mmol/L initial phenol, 50 g/L soybean seed coat, 14 mmol/L H 2 O 2 and 0.8 g/L PEG, the phenol conversion after 30 min was approximately 78%. The extent of phenol removal was found to be highly dependent on the amounts of soybean seed coats and H 2 O 2 . The amount of enzyme required to obtain a specific level of phenol conversion depends on the initial phenol concentration. The obtained results showed that directly using soybean seed coats as a cheap enzyme source, can be recommended as a suitable solution for high volume phenol-containing wastewater treatment. Also, a continuous process for phenol removal to obtain the permitted limit of phenol for discharge in the environment is recommended. 
